Background: ␦-Opioid receptor (␦OR) F27C polymorphism affects receptor cell surface targeting. Results: If lacking N-glycans, Cys 27 , but not Phe 27 , is extensively targeted to endoplasmic reticulum-associated degradation and can escape to the cell surface in nonnative conformation. Conclusion: ␦OR relies on N-glycan-dependent calnexin-mediated quality control (QC) for correct folding, whereas N-glycanindependent QC is a backup system. Significance: Alternative QC pathways monitor nascent GPCRs.
Membrane-bound and secreted proteins that traverse the secretory pathway fold in the endoplasmic reticulum (ER). 4 A majority of these proteins are co-translationally glycosylated with N-glycans that are added to asparagine residues in the Asn-Xaa-(Ser/Thr) (where Xaa Pro) sequons (1, 2) . The N-glycans increase solubility and prevent aggregation of nascent glycoproteins and furthermore mediate interactions with lectin molecular chaperones and other factors in the ER. The interactions facilitate the folding of newly synthesized glycoproteins, prevent ER export of incorrectly folded or assembled proteins, and also assist in the targeting of terminally misfolded proteins for degradation (1) (2) (3) . These mechanisms are collectively referred to as the glycoprotein ER quality control (ERQC). The corresponding mechanisms that monitor non-N-glycosylated proteins are far less known.
The importance of ER surveillance mechanisms is demonstrated by the various diseases associated with proteins that fail to pass the QC checkpoints (4) . For example, mutant forms of a number of polytopic membrane proteins, such as G proteincoupled receptors (GPCRs) rhodopsin and V2 vasopressin and melanocortin-4 receptors, are characterized by ER retention, which is one of the underlying causes for retinitis pigmentosa, nephrogenic diabetes insipidus, and morbid obesity, respectively (5) (6) (7) . The mutations, however, do not necessarily lead to functional inactivation, and some mutants can be rescued by membrane-permeable receptor-specific ligands, pharmacological chaperones that stabilize newly synthesized receptors and enhance their ER export (8 -11) . Similar examples are found among mutant soluble proteins, such as several lysosomal enzymes (12) . Furthermore, even WT proteins may be targeted for degradation prematurely (13) (14) (15) (16) , indicating that the intricate ERQC may lead to the degradation of on-pathway folding intermediates. These findings underscore the need to understand the complex mechanisms and components of the ERQC in a more comprehensive manner.
The first lectin chaperone that a nascent glycoprotein encounters in the ER is calnexin (CNX), a membrane protein that is closely associated with the translocon and the oligosaccharyl transferase that adds the core N-glycan (N-acetylglucosamine 2 -mannose 9 -glucose 3 ) to the nascent polypeptide chain (1, 2) . CNX and its lumenal counterpart calreticulin (CRT) bind to oligosaccharides in their monoglucosylated form in a cycle of attempts to fold and refold the substrate protein, which is known as the CNX/CRT cycle (1, 2) . CNX and CRT assist in folding by recruiting ER foldases ERp57 and cyclophilin B (17, 18) . These enzymes, belonging to the protein disulfide isomerase and peptidyl prolyl cis/trans-isomerase families, respectively, catalyze rate-limiting steps in protein folding (19) . While assisting in folding, CNX and CRT are also involved in the surveillance of the folding status of their substrates in an attempt to ensure that only those with correct conformation leave the ER. During the CNX/CRT cycle, the folding intermediates dissociate from CNX/CRT when the remaining glucose is removed from the N-glycan, enabling interaction with the folding sensor UDP-glucose:glycoprotein glucosyltransferase. If the substrate protein has not reached the native conformation, glucose is readded, and the cycle continues (1, 2) . Substrates failing to reach the correct conformation in time are demannosylated and targeted for degradation in a series of events called as the ER-associated degradation (ERAD). The targeting involves a number of factors, like EDEMs (ER-degradation-enhancing mannosidase-like proteins), OS9, and XTP3-B/erlectin, the last two of which are lectins (2, 3, 20) . Finally, the misfolded proteins are retrotranslocated to the cytosol, ubiquitinated, and degraded in proteasomes (20, 21) .
The ␦ opioid receptor (␦OR) is a member of the opioid receptor subfamily of GPCRs that participates in the control of pain relief and emotional responses in the nervous system (22) . The human ␦OR (h␦OR) carries two N-glycans in its extracellular N-terminal domain at Asn 18 and Asn 33 (23) , flanking a polymorphic site at position 27 (24) . Unlike the Phe 27 variant, the less common Cys 27 variant (allelic frequency in Caucasians is ϳ10% (24, 25) ) matures inefficiently and is partially targeted for premature ERAD (26 -28) . Removal of the two N-glycosylation sites of the h␦OR-Cys 27 variant by site-directed mutagenesis leads to a further decrease in receptor cell surface expression (23) . This was found to result mostly from the prominent internalization and lysosomal degradation of plasma membrane receptors (23) . Furthermore, the non-N-glycosylated h␦OR-Cys 27 was found to be exported from the ER with enhanced kinetics and reach the cell surface partially in a nonnative conformation, unable to bind a ligand (23) . This suggests that the variant is normally retained in the ER by the glycoprotein QC machinery but is able to escape the compartment when N-glycosylation sites have been disrupted. The present study was undertaken to characterize the glycoprotein ERQC mechanisms that monitor newly synthesized h␦ORs in more detail, focusing on its major component CNX that acts early in the folding/degradation pathway. Furthermore, we wanted to investigate whether the targeting of newly synthesized h␦ORs to ERAD requires N-glycosylation, i.e. whether they are substrates of N-glycan-independent ERQC.
EXPERIMENTAL PROCEDURES
DNA Constructs-The h␦OR-Cys 27 -pFT-SMMF and h␦OR-Phe 27 -pFT-SMMF constructs encoding WT h␦OR Cys 27 and Phe 27 variants, respectively, have been described previously (28, 29) . These receptor constructs include a cleavable influenza HA signal peptide, an N-terminal Myc tag, and a C-terminal FLAG tag (see Fig. 1A ). The h␦OR-Cys 27 (N18E,N33E) mutant in the pFT-SMMF vector was prepared by site-directed mutagenesis as described (23) , and the corresponding Phe 27 mutant was prepared accordingly. The construct encoding the WT h␦OR-Cys 27 -pcDNA3.1 with a C-terminal FLAG tag has been described earlier (26) . The pRK5-HA-Ubiquitin plasmid encoding the HA-tagged WT ubiquitin was acquired from Addgene (plasmid 17608).
Cell Culture and Transfections-Inducible stably transfected HEK293 i cells expressing the WT h␦OR Cys 27 and Phe 27 variants and the Cys 27 (N18E,N33E) mutant have been described elsewhere (23, 28, 29) . The cell line expressing the Phe 27 (N18Q,N33E) mutant was prepared following the same protocol under blasticidin S (4 g/ml; Invivogen) and hygromycin (400 g/ml; Invivogen) selection. The stably transfected HEK293S cell line constitutively expressing the WT h␦OR Cys 27 variant has been described previously (26) . Cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 0.1 mg/ml streptomycin (complete DMEM), and the appropriate selection antibiotics at 37°C in a humidified atmosphere of 5% CO 2 . For experiments, cells were plated on 24-well plates (0.1-0.2 ϫ 10 6 cells), 75-cm 2 culture flasks (5-6 ϫ 10 6 cells), 25-cm 2 culture flasks (2 ϫ 10 6 cells), or 100-mm plates (5-6 ϫ 10 6 cells) and cultured for 3 days in complete DMEM. The receptor expression in HEK293 i cell lines was induced by supplementing the culture medium with tetracycline (500 ng/ml, Invitrogen) for 24 h, unless otherwise stated. For Western blotting and metabolic labeling experiments, cells were incubated in PBS, 20 mM N-ethylmaleimide for 10 min before harvesting, quick frozen in liquid nitrogen, and stored at Ϫ70°C. For transient transfections, 4 ϫ 10 6 cells were seeded on 100-mm plates and cultured for 24 h before transfection with HA-ubiquitin (5 g). Lipofectamine 2000 (Invitrogen) was used according to the manufacturer's instructions (15 l). After 4 h, cells were trypsinized and divided on two 25-cm 2 culture flasks and cultured overnight for metabolic labeling.
Metabolic Labeling with [ 35 S]Methionine/Cysteine-Cells were incubated in methionine-and cysteine-free DMEM for 60 min, and labeling was performed in fresh medium with 75-150 Ci/ml of [ 35 S]methionine/cysteine (Easytag Express 35 S-protein labeling mix, 1175 Ci/mmol; PerkinElmer Life Sciences) for 30 or 60 min. The labeling was stopped by washing, and cells were chased in complete DMEM, supplemented with 5 mM methionine, for various periods of time as specified in the figures. The proteasomal inhibitor lactacystin (LA, 10 M; Enzo Life Sciences or Merck Millipore) was added into the depletion medium and was maintained throughout labeling and chase. The glucosidase I/II inhibitor castanospermine (CST, 150 g/ml; Enzo Life Sciences) was added into the depletion medium and was maintained thereafter. Alternatively, it was removed after labeling or added only to the chase medium, as specified in the figures. The opioid antagonists naltriben (10 M; Tocris) and naltrexone (NTX; 10 M; Tocris) were added to the pulse and chase medium or only to the chase medium, respectively. Control samples were treated with the corresponding vehicles.
Cell Surface Biotinylation-Cell surface proteins in stably transfected HEK293 i cells were biotinylated with sulfo-NHSbiotin (Thermo Fischer Scientific) as described previously (26) . For the chase, the residual biotin was quenched with 1 M Tris-HCl, pH 7.4, and cells were incubated in complete DMEM at 37°C before harvesting.
Preparation of Whole Cell Extracts and Immunoprecipitation-Total cellular lysates were prepared by mixing thawed cells for 30 min in buffer A (0.5% (w/v) n-dodecyl-␤-D-maltoside (Enzo Life Sciences), 25 mM Tris-HCl, pH 7.4, 140 mM NaCl, 2 mM EDTA, 2 g/ml aprotinin, 0.5 mM PMSF, 2 mM 1,10-phenanthroline, 5 g/ml leupeptin, 5 g/ml soybean trypsin inhibitor, and 10 g/ml benzamidine). For CNX immunoprecipitation, the detergent was replaced with 0.5% (w/v) digitonin (Merck Millipore), and the buffer contained 10 mM CaCl 2 and lacked 1,10-phenanthroline and EDTA (buffer B). The insoluble material was removed by centrifugation at 16,000 ϫ g for 30 min, and the supernatants were supplemented with 0.1% (w/v) BSA before immunoprecipitation.
Receptors and HA-ubiquitin were purified with one-or twostep immunoprecipitation using FLAG M2 or HA antibody resins (Sigma), respectively. The antibody-coupled resin (15-20 l) was added to the lysates and incubated under gentle agitation for 1-16 h. For CNX co-immunoprecipitation, samples were first precleared with 20 l of protein G-Sepharose (GE Healthcare) for 1 h and then incubated with polyclonal rabbit CNX antibody (1:100; Thermo Fisher Scientific) for 1 h before adding protein G-Sepharose for 2 h. Preimmune serum was used as a control. Immunoprecipitates were washed twice with buffer A/B and four times with buffer C/D (like buffer A/B but containing 0.1% detergent). Precipitated proteins were eluted with SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.001% (w/v) bromphenol blue) or FLAG peptide (0.2 mg/ml) in buffer C, followed by concentration with Microcon-30 concentrators (Merck Millipore). For two-step immunoprecipitation, proteins were first eluted by incubating in 25 mM Tris-HCl, pH 7.5, 1% (w/v) SDS, at 95°C for 5 min and thereafter diluted 10-fold with buffer A for reimmunoprecipitation. For deglycosylation, the receptors were eluted in 1% (w/v) SDS, 50 mM sodium phosphate, pH 5.5. All steps during lysate preparation and immunoprecipitation were performed at 4°C unless otherwise indicated.
Deglycosylation of Immunoprecipitated Receptors-Purified receptors were subjected to enzymatic deglycosylation with neuraminidase and O-glycosidase or with endoglycosidase H, as described previously (all 50 millunits/ml; Roche Applied Science) (23, 29) .
Cell Fractionation-Cells were homogenized with a Dounce homogenizer and subjected to differential centrifugation as described earlier (27) with an additional 30-min 100,000 ϫ g clearing centrifugation for the cytosolic fraction. Receptors were solubilized from the membrane fraction (27) , and the sol-uble fraction was supplemented with 0.5% n-dodecyl-␤-Dmaltoside before immunoprecipitation.
SDS-PAGE, Western Blotting, and Fluorography-Samples reduced with 50 mM DTT for 2 min at 95°C were analyzed by SDS-PAGE using 10% SDS-polyacrylamide gels and reagents from Bio-Rad or Amresco. Separated proteins were electroblotted onto Immobilon-P membranes (Millipore) and probed with FLAG M2 (0.5 g/ml; Sigma), c-Myc A-14 (1:1000; Santa Cruz Biotechnology), or HA (HA-7, 1:10,000; Sigma) antibodies or with HRP-conjugated streptavidin (1:40,000; Thermo Fisher Scientific) as described (29) . Gels containing radiolabeled samples were treated with EN3HANCE (PerkinElmer Life Sciences), dried, and exposed at Ϫ70°C for 1-21 days using the Biomax MR film (Eastman Kodak) and intensifying screens. The films were analyzed by densitometric scanning with the Umax PowerLook 1120 color scanner (GE Healthcare) or the Agfa Arcus II laser scanner, and quantified as described (30) .
Radioligand Binding Assays-Membranes were prepared, and ligand binding assays were performed as described (29) using [15, H]diprenorphine (50.0 -54.9 Ci/mmol; Perkin-Elmer Life Sciences) as a radioligand.
Flow Cytometry-The total pool of cell surface receptors was analyzed by flow cytometry as described earlier (31) using c-Myc 9E10 antibody (1 g/ml; Santa Cruz Biotechnology) and phycoerythrin-conjugated rat anti-mouse IgG 1 (2 g/ml; BD Biosciences). The ligand-binding competent pool of receptors was labeled with FITC-conjugated NTX; Invitrogen) at a saturating concentration, as described (23) . The fluorescence was measured with the Becton-Dickinson FACSCalibur flow cytometer, and the data were analyzed with the CellQuestPro 6.0 software (BD Biosciences). The mean fluorescence of live induced cells minus the mean fluorescence of live induced cells stained with only the secondary antibody was used for calculations for c-Myc antibody-stained cells. The mean fluorescence of live stained cells minus the mean fluorescence of live stained cells with added displacing ligand (0.1 M NTX) was used for FITC-NTX labeled cells.
Data Analysis-The data were analyzed with the GraphPad Prism 6.0 software (GraphPad Software). The one-phase decay and sigmoidal dose response models of the nonlinear regression analysis were used for receptor precursor turnover and maturation data in the metabolic labeling experiments, respectively. The one-site binding (hyperbola) model was used to analyze the ligand binding data. Statistical analyses were performed using unpaired or one-sample t tests for comparisons between two groups or the one-or two-way analysis of variance followed by Tukey's or Bonferroni's multiple comparison post hoc tests, respectively, for multiple comparisons. The limit of significance was set as at p Ͻ 0.05. The data are presented as means Ϯ S.E.
RESULTS

Removal of N-Glycosylation Sites Decreases Expression Level but Does Not Prevent Cell Surface Delivery of h␦OR F27C
Variants-To assess the N-glycan-dependent and -independent QC of h␦OR variants, the two N-glycosylation sites were eliminated, and epitope-tagged mutants (N18E,N33E) ( Fig. 1A) were expressed in stably transfected HEK293 i cells along with the corresponding WT variants. All constructs were expressed from the same genomic locus under tetracycline induction (32), permitting direct comparisons in expression levels. Membranes were prepared after 24 h of receptor expression, and solubilized receptors were immunoprecipitated and analyzed by SDS-PAGE and Western blotting ( Fig. 1B ). As we have reported earlier (28) , both the Cys 27 and Phe 27 WT h␦OR variants migrated as two main forms with M r values of 47,000 and M r 61,000 ( Fig. 1B, lanes 1 and 2) , representing core-N-glycosylated receptor precursor and mature fully N-and O-glycosylated cell surface forms, respectively. A faint band of M r 51,000 was also apparent, corresponding to mature receptors that carry only one N-glycan (23) . In comparison, the N18E,N33E mutants lacking the N-glycosylation sites migrated faster, showing two very closely spaced species with M r values of ϳ42,000 -45,000 ( Fig. 1, B , lanes 3 and 4, and C, lanes 1 and 2) (23). Thus, both variants appear to be modified by N-glycosylation in a similar manner.
The two closely migrating species of the h␦OR-N18E,N33E mutants were characterized further by cell surface biotinylation and deglycosylation assays. Cells were labeled with membrane-impermeable sulfo-NHS-biotin, and immunoprecipitated receptors were analyzed by Western blotting using either FLAG M2 antibody or HRP-conjugated streptavidin (Fig. 1C) . The latter was able to bind only to the slower migrating forms (Fig. 1C, lanes 3 and 4) , whereas the former recognized both forms (Fig. 1C, lanes 1 and 2) . Thus, the M r 42,000 and M r 45,000 receptor species represent intracellular precursors and cell surface receptors, respectively. Following enzymatic deglycosylation with neuraminidase and O-glycosidase, both variants migrated faster as a M r 42,000 species (Fig. 1E, lanes 2 and  4) . The difference in size of the two forms can therefore be explained by O-glycosylation that takes place in the Golgi complex (26) . Densitometric analysis ( Fig. 1D ) revealed that the level of the cell surface M r 45,000 form of the Phe 27 variant was 1.47-fold higher than that of the corresponding Cys 27 variant. Thus, although both non-N-glycosylated mutants are able to reach the cell surface, the level of the Phe 27 variant is significantly higher.
To assess receptor levels at the cell surface more precisely, flow cytometry assays were performed ( Fig. 1F ), using c-Myc antibody that recognizes the receptor N-terminal Myc epitope ( Fig. 1A) . As expected, the Phe 27 variant was present at the cell surface at a significantly higher level than the Cys 27 variant. This was apparent whether the variants were N-glycosylated or not ( Fig. 1F) . However, the cell surface level of the N18E,N33E mutants was significantly lower compared with the corresponding WT forms. These results indicate that the differing plasma membrane level of the variants is an intrinsic property of the polypeptide chain and is not determined by N-glycosylation. The lack of N-glycans, however, decreases the level of both variants, supporting the role of N-glycans in the processing of the receptor.
The Non-N-glycosylated h␦OR-Phe 27 Is More Stable at the Cell Surface than the Corresponding Cys 27 Variant-The cell surface expression level of GPCRs is governed by two phenomena, namely the targeting of plasma membrane receptors to degradation and the transport of newly synthesized receptors from the ER to the cell surface. In our previous study, both of JUNE 20, 2014 • VOLUME 289 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 17833 these phenomena were found to contribute to the cell surface level of WT h␦OR variants (28) . Furthermore, it was observed that the lack of N-glycosylation destabilizes the Cys 27 variant and that a fraction of the mutant is in a ligand-binding incompetent form at the plasma membrane (23) . Thus, we assessed whether the absence of N-glycans would lead to similar destabilization of the Phe 27 variant. First, the ligand binding ability of the cell surface receptors was assessed by flow cytometry ( Fig.  2A ). HEK293 i cells were induced for 24 h to express the WT variants or the corresponding non-N-glycosylated mutants, and aliquots of the intact cells were incubated with c-Myc antibody to label the total receptor pool or with the FITC-conjugated opioid antagonist NTX (23) to label the ligand binding competent receptors. The non-N-glycosylated Cys 27 variant stood out from the other receptor constructs ( Fig. 2A) : the ligand-binding competent pool was only 70% of the total pool. In contrast, no differences in the two receptor pools were detected for the other receptor constructs tested.
Quality Control of Human ␦ Opioid Receptor Variants
The results described above suggest that the non-N-glycosylated Phe 27 variant, unlike the Cys 27 one, is in a fully native form at the cell surface. To assess whether this property might be related to differences in receptor stability, biotinylation chase assays were performed (Fig. 2B ). Cells were labeled with sulfo-NHS-biotin, and the disappearance of plasma membrane receptors was assessed by removing the label and chasing the cells in culture medium without biotin. The immunoprecipitated receptors were then analyzed by Western blotting with HRP-conjugated streptavidin. As seen in Fig. 2B , the variants behaved differently. The M r 45,000 cell surface form of the non-N-glycosylated Phe 27 variant was significantly more stable than the corresponding Cys 27 variant, and the turnover was slower (t1 ⁄ 2 was 530 and 210 min for the Phe 27 27 and Cys 27 , respectively, p Ͻ 0.01, n ϭ 6 -8). The binding affinity, K d , for the two mutants was in the similar low nanomolar range as was detected earlier for the corresponding WT forms (23, 28): 1.51 Ϯ 0.1 and 0.68 Ϯ 0.1 nM for the mutant Phe 27 and Cys 27 variants, respectively, (p Ͻ 0.01, n ϭ 6 -8).
The Non-N-glycosylated h␦OR Mutants Are Exported from the ER with Enhanced Kinetics, but Only the Cys 27 Variant Matures Inefficiently-Differences in the maturation kinetics and efficiency of export from the ER may also contribute to the divergent cell surface level of the non-N-glycosylated h␦OR variants. To test this alternative possibility, metabolic pulsechase labeling experiments were performed using HEK293 i cells expressing the non-N-glycosylated variants and their WT counterparts ( Fig. 3 ). After 2-h induction, cells were labeled with [ 35 S]methionine/cysteine and chased for various periods of time, and immunoprecipitated receptors were analyzed by SDS-PAGE and fluorography. In the case of the WT variants, two precursor forms of M r 44,000 and M r 47,000 were apparent at the end of the pulse, in accordance with our previous studies (23, 28) ( Fig. 3, A and B) . During the chase, these forms, carrying one or two N-glycans, respectively (23), were converted to the corresponding mature receptor forms of M r 51,000 and M r 61,000. The one-N-glycan forms were more abundant for the Cys 27 variant (28) . The maturation was slow for both variants, reaching completion after 2 h (Fig. 3C ). This was in contrast to what was observed for the N18E,N33E mutants (Fig. 3, D-F) . At the end of the pulse, a substantial fraction of the mutants was already in the O-glycosylated mature M r 45,000 form, and the half-time for maturation was short, only 27 and 24 min for the Phe 27 and Cys 27 variants, respectively. The efficiency of maturation was, however, significantly different between the two variants. Virtually all mutant non-N-glycosylated Phe 27 precursors reached the mature form within 60 min, but only ϳ50% of the corresponding Cys 27 variant matured during this time (Fig.  3F ). Thereafter, both variants started to disappear, and after 4 h of chase, approximately half of the mature receptors remained (58 and 45% for the Phe 27 and Cys 27 variants, respectively; Fig.  3F ). The N18E,N33E mutant variants showed a significant difference also in the turnover of the precursors, because the halflife was 34 and 54 min for the Phe 27 and Cys 27 precursors, respectively (Fig. 3F ). A similar difference in the turnover rate and maturation efficiency was observed for the WT variant precursors ( Fig. 3, A-C) . Thus, differences in maturation efficiency are contributing to the divergent amount of the mature variants. Furthermore, the slower turnover and lower maturation efficiency of the Cys 27 precursors in comparison with the corresponding Phe 27 ones indicate that the former is partially retained in the ER, whether it is N-glycosylated or not.
Both WT h␦OR Variants Interact with CNX, and the Interaction Is Involved in ER Retention of the Cys 27 Variant-The substantially faster ER export of h␦OR-N18E,N33E mutants compared with the corresponding WT receptors indicates that the latter interact with glycoprotein QC components that retain glycoproteins in the ER. Thus, we investigated this retention, focusing on CNX that is known to interact with membranebound glycoproteins (33, 34) . We first assessed the interaction by performing sequential co-immunoprecipitation (Fig. 4A) . The WT and non-N-glycosylated variant precursors from pulse-labeled HEK293 i cells were subjected to immunoprecipitation with CNX antibody in native conditions. Following denaturation, the CNX-bound receptors were then immunoprecipitated with FLAG M2 antibody. As expected, both WT variant precursors, but not the N18E,N33E mutants, co-immunoprecipitated with CNX antibody (Fig. 4A) . The interaction was more prominent for the two-N-glycan form of the Cys 27 variant than for the one-N-glycan form (Fig. 4A, compare lane 1 in the first and second panel), in line with our previous observations (23) .
The kinetics of h␦OR-CNX association was then investigated in pulse-chase labeling experiments using HEK293 i cells that were induced to express the WT variants. As seen in Fig. 4 (B-E), the CNX-bound precursors started to disappear immediately after the pulse, and the turnover was faster than that of the total pool of precursors. Thus, both variants interact transiently with CNX during or shortly after synthesis. However, there was a significant difference between the variants because the half-life of the CNX-bound Cys 27 precursors was significantly longer (43 and 32 min for Cys 27 and Phe 27 , respectively) ( Fig. 4, B-E) . This is in line with the notion that CNX is involved in ER retention and ERAD of the WT Cys 27 variant. This was further supported by the observation that after long term receptor expression that was previously found to lead to extensive ER retention of the Cys 27 variant, but not the Phe 27 variant (28), the Cys 27 precursors showed significantly slower dissociation from CNX. The half-life of CNX-bound precursors lengthened 22 min for the Cys 27 variant but only 2 min for the Phe 27 variant after increasing the time of receptor expression from 2 to 16 h (Fig. 4, C and E) . Impairment of Glucose Trimming of h␦OR-Cys 27 N-Glycans Attenuates Receptor Maturation-The functional role of CNX interaction in the prominent ER retention of the WT Cys 27 variant was assessed in more detail using the glucosidase I/II inhibitor CST. CST is known to either favor or inhibit CNX interaction (1, 2) . When it is added while proteins are being synthesized, it can inhibit the co-translational glucosidase I-mediated removal of the outermost glucose from nascent N-glycans and thus inhibit CNX interaction (35, 36) . On the other hand, when CST is present post-translationally, it can inhibit the glucosidase II-mediated removal of the innermost glucose from core N-glycans (35, 36) . In this case, glycoproteins retain the ability to interact with CNX and potentially remain in the CNX/CRT cycle for longer periods of time than in normal conditions.
The addition of CST to the chase medium slowed down the turnover of CNX-bound WT Cys 27 precursors in HEK293S cells constitutively expressing the receptor (Fig. 5, compare E  and F with A and B) . This was accompanied with impaired conversion of receptor precursors to the mature form ( Fig. 5G ) and a significant increase in the relative amount of precursors after 4 h of chase (Fig. 5H ). These results are in line with the JUNE 20, 2014 • VOLUME 289 • NUMBER 25
JOURNAL OF BIOLOGICAL CHEMISTRY 17835
notion that long term CNX interaction attenuates the ability of precursors to exit the ER. Interestingly, a similar impairment in receptor maturation was detected when CST was added before the labeling pulse and was maintained thereafter (Fig. 5, C and  D) . In these conditions, CST first inhibited receptor-CNX interaction, because only a small fraction of precursors co-purified with CNX after the labeling pulse (Fig. 5, C and D) . A tendency toward a small transient increase in the minute CNXbound pool of precursors during the chase (Fig. 5, C and D) suggests that also the glucosidase II activity was inhibited, thus favoring the post-translational receptor-CNX interaction. Similar findings were obtained when CST was present only during the pulse (data not shown). Importantly, the total pool of receptors that were detected after 4 h of chase did not increase in cells treated with CST during the entire pulse-chase experiment, in contrast to what was observed when CST was present only during the chase (Fig. 5, I and K, lanes 1, 3, and 5) . These findings imply that the newly synthesized WT Cys 27 precursors that are not able to interact with CNX co-translationally are targeted to degradation.
Inhibition of h␦OR-Cys 27 -CNX Interaction with CST Leads to Receptor Targeting to ERAD-The hypothesis that nascent WT Cys 27 variant precursors that are incapable of CNX interaction shortly after or during synthesis are targeted to ERAD was tested by treating the Cys 27 variant expressing HEK293S cells simultaneously with CST and the proteasomal inhibitor LA (Fig. 5J ). We reasoned that the inhibition of proteasomal degradation would stabilize receptor precur- sors that would otherwise be degraded. As expected, LA was able to stabilize the precursors when CST was added to the pulse and chase medium (Fig. 5J, compare lanes 3 and 5) but had no effect when it was present only during the chase (Fig.  5J, compare lanes 4 and 6) . Thus, it can be concluded that in conditions in which CNX interaction of nascent receptors is inhibited, the Cys 27 precursors are mainly targeted to degradation rather than being transported along the secretory pathway. It can be hypothesized that other ER factors in the N-glycan-dependent QC pathway are capable of targeting the receptors to ERAD if CNX interaction is inhibited. Furthermore, these results give support to the notion that the correct folding of the Cys 27 variant requires CNX interaction. 27 Precursors Forced to Remain in the CNX Cycle-Because CST treatment appeared to impair the dissociation of h␦OR-Cys 27 precursors from CNX during the chase and led to an increase in their total amount, we next assessed whether these precursors could be retargeted to ER export. For this purpose, Cys 27 variant expressing HEK293S cells were treated simultaneously with CST and an opioid antagonist NTX. This membrane-permeable ligand acts as a pharmacological chaperone for the ␦OR and enhances its maturation (13, 29) . As seen in Fig. 5K , the antagonist that was added to the chase medium increased the relative amount of mature receptors substantially (Fig. 5K,  compare lanes 1 and 2) . This also occurred in cells treated with CST, whether added before the pulse (Fig. 5K, lane 4) or at the JUNE 20, 2014 • VOLUME 289 • NUMBER 25
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beginning of the chase (Fig. 5K, lane 6) . Thus, receptors appear to retain their competency for ER exit and are not permanently bound to CNX in conditions in which the glucosidase II-mediated removal of the innermost glucose of nascent N-glycans is inhibited.
N-Glycan-independent QC Targets the Non-N-glycosylated Cys 27 Variant to ERAD-The results presented above are in line with the notion that the Cys 27 variant is subject to both N-glycan-dependent and -independent QC. To investigate the latter in more detail, we assessed whether the Cys 27 -N18E,N33E mutant is targeted to ERAD and degraded in proteasomes in a similar manner as the corresponding WT receptor (27) (Fig.  6A) . When LA was added to the culture medium during pulsechase labeling experiments, a significant 1.4 Ϯ 0.2-fold increase in the amount of receptors was detected at the end of the pulse (p Ͻ 0.05, n ϭ 9), and concomitantly the amount of mature receptors increased during the chase (Fig. 6A) . The mutant is thus rapidly degraded already during the 30-min labeling pulse. This is the most likely explanation for the lower relative amount of Cys 27 -N18E,N33E precursors detected at the end of the pulse in Fig. 4A compared with the corresponding Phe 27 precursors.
Next, we tested whether the non-N-glycosylated h␦OR-Cys 27 is ubiquitinated prior to degradation, which is typical for proteins targeted to ERAD (20, 21) . This was investigated by transiently transfecting the receptor expressing HEK293 i cells with HA-tagged ubiquitin and following receptor ubiquitination in LA and mock-treated pulse-labeled cells (Fig. 6B ). The HA antibody was able to immunoprecipitate proteins that migrated as a smear at the top of the gel from transfected cells (Fig. 6B, lanes 1 and 2) but not from control cells (Fig. 6B, lanes  3 and 4) . The smear represents polyubiquitinated proteins (27) that, as expected, became more abundant in LA-treated cells (Fig. 6B, compare lanes 1 and 2) . When aliquots of denatured HA antibody-immunoprecipitated samples were subjected to a second immunoprecipitation with FLAG M2 antibody, a similar smear at the top of the gel was detected, in addition to a weak band co-migrating with the receptor precursor (Fig. 6B, lanes 9  and 10) . Thus, the non-N-glycosylated h␦OR-Cys 27 precursors are subjected to polyubiquitination. This finding was further supported by the observation that a similar smear at the top of the gel was detected when an aliquot of labeled receptors was subjected to two-step FLAG M2 antibody immunoprecipitation (Fig. 6B, lanes 5 and 6) . Furthermore, the same smear was apparent in mock-transfected cells (Fig. 6B, lanes 7 and 8) , most likely representing receptors polyubiquitinated with endogenous ubiquitin.
Retrotranslocation of the WT and Non-N-glycosylated Cys 27 Variant to the Cytosol Can Be Inhibited with a Pharmacological
Chaperone-Proteasomal degradation of misfolded ER-targeted proteins, including h␦ORs, takes place after they have been retrotranslocated to the cytosol (27, 28) . Thus, we next assessed whether the same process is involved in the degradation of the non-N-glycosylated Cys 27 mutant. For this purpose, HEK293 i cells expressing the WT or the N18E,N33E mutant Cys 27 variant were pulse-labeled and chased for 4 h in the absence or presence of LA. Thereafter, the cells were subjected to subcellular fractionation involving differential centrifugation. The 10,000-g membrane pellet and the 100,000-g supernatant, representing the cytosolic fraction (27) , were collected, and receptors were immunoprecipitated from the two fractions. As seen in Fig. 7 (A and C) , a significant increase in the amount of receptors was detected in the 10,000-g membrane fraction of LA-treated cells (compare lanes 1 and 3; see also Fig.  7, B and D) . This concerned the two N-and O-glycosylated mature WT receptor forms as well as the M r 45,000 O-glycosylated mature form of the N18E,N33E mutant. Thus, proteasomal blockade appears to redirect some receptor precursors from degradation to ER export. Importantly, receptors also became apparent in the cytosolic fraction after LA treatment. A M r 42,000 receptor form was detected in the cytosolic fraction in cells expressing either the WT receptor or the N18E,N33E mutant (Fig. 7, A and B, compare lanes 7 and 5) . It co-migrated with the enzymatically deglycosylated precursor of the WT receptor (Fig. 7E ). This is in line with previous findings showing that h␦OR retrotranslocation to the cytosol occurs concomitantly with N-glycan removal (27) . Taken together, these data show that the non-N-glycosylated Cys 27 variant is retrotranslocated and degraded by the ubiquitin-proteasomal pathway in a similar manner as the WT receptor.
Finally, we investigated whether the membrane-permeable opioid receptor pharmacological chaperone naltriben could Equal aliquots of cellular lysates were subjected to one-step immunoprecipitation with HA antibody to detect HA-ubiquitinated proteins (lanes 1-4) , with two-step immunoprecipitation with FLAG M2 antibody to detect the total pool of receptors (lanes [5] [6] [7] [8] or with sequential immunoprecipitation with HA and FLAG M2 antibodies to detect HA-ubiquitinated receptors (lanes 9 -12) . rescue the receptors from proteasomal degradation. As seen in Fig. 7 (A and C, lane 2) , adding the ligand to the culture medium significantly increased the amount of mature h␦OR-Cys 27 in the membrane fraction whether it carried N-glycans or not. The increase was 2.0-and 2.5-fold in the case of the WT and the mutant receptors, respectively (Fig. 7, B and D) . A simultaneous LA treatment increased the amount of receptors further, but the additional effect did not reach statistical significance (Fig. 7,  A; C, lane 4; B; and D) . Importantly, the combined effect of naltriben and LA decreased the amount of polyubiquitinated receptors and furthermore resulted in a significant decrease in the amount of receptors in the cytosolic fraction compared with cells treated only with LA ( Fig. 7, A; C, lanes 7 and 8; B, and  D) . These results are in line with the notion that pharmacological chaperones can help the precursors, whether N-glycosylated or not, to attain proper conformation and rescue them from polyubiquitination, retrotranslocation, and degradation in the cytosol.
DISCUSSION
Most GPCRs are known to contain N-glycans in their extracellular domains, but the functional role of this modification has remained largely unknown. Most studies investigating the disruption of N-glycosylation sequons have reported decreased cell surface receptor levels (23, (37) (38) (39) (40) , implying a role for the modification in the early steps of GPCR biosynthesis in the ER. The present study highlights the importance of the N-glycandependent ERQC in preventing the export of functionally compromised h␦ORs from the ER to the cell surface. In addition, we demonstrate that there is an alternative, although less precise, backup ERQC mechanism that can survey the competence of newly synthesized receptors in an N-glycan-independent manner and target the misfolded/incompletely folded ones to ERAD. Both systems were found to discriminate a single amino acid difference in the h␦OR variants, underlining the sensitivity of the cellular QC machinery. The two h␦OR variants showed distinct differences in their reliance on N-glycosylation in the early secretory pathway. The N-glycans and N-glycan-dependent QC were dispensable for the h␦OR-Phe 27 variant and the protein folded in the ER and was transported to the cell surface efficiently whether it carried N-glycans or not. The receptor was fully in its native conformation at the cell surface even when the mutation of the two N-glycosylation sites caused its rapid export from the ER. In contrast, the h␦OR-Cys 27 variant that differs from the more common Phe 27 variant by only one amino acid in the N terminus was critically dependent on the N-glycan-dependent ERQC. The lack of N-glycosylation resulted in the expression of ligand binding incompetent receptors at the cell surface and their rapid disappearance. Furthermore, the non-N-glycosylated receptor precursors were targeted extensively to ERAD. The targeting for degradation took place rapidly, and the receptors were polyubiquitinated and retrotranslocated to the cytosol. Thus, an alternative backup QC mechanism was able to inspect the receptors and target them for degradation independent of their N-glycosylation. Importantly, because pharmacological chaperones were able to rescue both WT and non-N-glycosylated Cys 27 precursors from ERAD, both the N-glycan-dependent and -independent QC appear to target receptors for degradation prematurely, although they are still folding competent. This apparent "overactivity" of QC mechanisms may be typical for cellular QC, because it has been shown that more than 30% of all proteins are degraded shortly after they have been synthesized (41) .
The ER lectin chaperone CNX was found to be the key component of the N-glycan-dependent QC responsible for retaining the newly synthesized h␦ORs in the ER. When the two N-glycosylation sites of the receptor were disrupted, the mutants were exported from the ER with enhanced kinetics, suggesting that the WT receptors are retained in the ER via a mechanism involving N-glycosylation. The involvement of CNX in the retention was verified by co-immunoprecipitation. Only the WT variants, but not the non-N-glycosylated mutants, co-immunoprecipitated with CNX antibody. In addition, the interaction between CNX and the WT receptors was almost completely abolished when the removal of the two outermost glucoses from the receptor core N-glycans was inhibited during receptor synthesis with the glucosidase I/II inhibitor CST. These results indicate that the interaction is mediated by receptor N-glycans, and argue against the possibility that it involves direct protein-protein contacts. This has been suggested to occur in the case of a few other membrane proteins, including the angiotensin II type 1 receptor (42) and the D1 and D2 dopamine receptors (43) . In these studies, the interaction of CNX with mutant non-N-glycosylated receptors was shown by onestep co-immunoprecipitation using native conditions. In these circumstances, nonspecific interactions between membrane proteins are likely. These problems can be avoided using a twostep protocol, denaturing the samples before the second immunoprecipitation step as was done in the present study.
The interaction between CNX and the h␦OR variants was only transient. The turnover of the CNX-bound precursors was, however, significantly longer for the Cys 27 variant, indicating that it was engaged in the CNX cycle for a more extended period of time than the Phe 27 variant. This was probably caused by the fact that CNX does not act alone but recruits other factors to its substrates. One of these factors is the protein-disulfide isomerase ERp57 that interacts with the CNX P-domain and is known to assist in folding and to form mixed disulfides with CNX substrates (44) . It is therefore a likely candidate to be specifically involved in the folding of the Cys 27 variant while being dispensable for the Phe 27 variant. The cysteine at position 27 is the sole cysteine in the receptor N terminus and is thus very prone to form transient mixed disulfides. Only two other cysteines are found in ␦OR extracellular domains: Cys 121 and Cys 198 that form a conserved disulfide bond linking the third transmembrane domain with the second extracellular loop (45) . It can be envisioned that the N-terminal cysteine might interfere with the formation of the conserved disulfide bond. In this case, the isomerase activity of the oxidoreductase would be required for the correct receptor folding. The involvement of mixed disulfides in the Cys 27 variant ER retention is a very tempting idea and would explain the importance of CNX interaction for the correct receptor folding, as well as for slowing down of the dissociation of CNX-receptor complexes during long term receptor expression. The latter phenomenon can be explained by futile folding attempts and repeated formation of mixed disulfides with the oxidoreductase. The dynamic dissociation and reassociation of CNX-receptor complexes is supported by the observation that a pharmacological chaperone was able to target the receptor precursors toward ER exit and maturation even in conditions that favored association with CNX, i.e. when glucosidase II was post-translationally inhibited with CST, increasing the relative amount of receptors carrying monoglucosylated N-glycans. The role of mixed disulfides in the h␦OR-Cys 27 ER retention needs to be verified in future studies. So far, attempts to show interaction of ERp57 with the receptor have been unsuccessful, most likely because of the poor quality of antibodies used for co-immunoprecipitation and the transient nature of the interaction.
Another component that could be involved in the stalled CNX cycle and impaired targeting of the WT Cys 27 variant to ERAD after long term receptor expression is another ER lectin, XTP3-B/erlectin. In a recent study, this lectin was suggested to inhibit premature degradation of folding intermediates by interacting with its substrate proteins via N-glycans that contain nine mannoses, i.e. glucose-trimmed core N-glycans that have not yet been demannosylated. Overexpression of XTP3-B impaired ERAD of mutant misfolded ␣1-antitrypsin, whereas knockdown of the endogenous protein in HEK293 cells caused enhancement in its degradation (46) . Because nonnative proteins carrying glucose-trimmed N-glycans are also substrates for UDP-glucose:glycoprotein glucosyltransferase, it can be hypothesized XTP3-B could impair degradation indirectly via extending and favoring the CNX/CRT cycle.
Receptor oligomerization in the ER is also a factor contributing to the QC of GPCRs (47) . It can be speculated that the unpaired Cys residue of the h␦OR Cys 27 variant and the interactions that it mediates could hinder receptor dimerization in the ER. This would give an explanation to our recent finding that in co-expressed cells, the Cys 27 variant was found to target part of the Phe 27 variant to ERAD in a dominant negative man-ner (48) . The heterodimers might be less likely to oligomerize properly compared with the h␦OR-Phe 27 homodimers, thus failing to pass the QC checkpoints.
In addition to the CNX-mediated QC, the h␦OR-Cys 27 was shown to undergo scrutiny by N-glycan-independent ERQC machinery that was able to target the precursors to ERAD. The mutant receptors that were devoid of N-glycans were substrates of this machinery. This was demonstrated by the ability of the proteasomal inhibitor LA to stabilize the precursors. The proteasomal blockade also resulted in polyubiquitination and cytosolic accumulation of the non-N-glycosylated mutant precursors, both phenomena that are characteristic for the WT receptor ERAD pathway (27, 28) . Thus, the two QC pathways appear to target their substrates ultimately to the same destination, cytosolic proteasomes. However, significant differences were observed in the early steps of the two QC pathways. Whereas the N-glycan-independent QC delivered receptors to ERAD swiftly, the CNX-mediated pathway was slow and started to stall in time. This apparent kinetic difference is most likely explained by the fact that the N-glycan-independent QC chooses its substrates for destruction earlier than the N-glycandependent QC that is specifically tuned to assist in repeated folding attempts of its substrates. Another difference between the two pathways was the efficiency by which they were able to distinguish correctly folded forms from misfolded and incompletely folded ones. The N-glycan-independent QC was a less accurate system, because it let misfolded/incompletely folded receptors escape from the ER. Alternatively, the system was incapable of recognizing the imperfections in these escaped receptor forms.
The N-glycan-independent QC is thus clearly a backup system for the more efficient N-glycan-dependent pathway for the h␦OR. In a recent study, Ushioda et al. (49) proposed that BiP together with ERdj5 could act as a backup QC system for N-glycosylated proteins in conditions of cellular stress, although in normal conditions these ER factors target non-N-glycosylated substrates. Another ER component that has been proposed to act in the N-glycan-independent QC is EDEM1. It has an important role in accepting substrates from CNX and targeting them for degradation (2) but has recently been shown to be also capable of protein-protein interactions involving non-N-glycosylated misfolded proteins, targeting them to ERAD (50) .
Taken together, the present study demonstrates that there are alternative ERQC mechanisms that survey newly synthesized ␦ORs and possibly also other GPCRs and polytopic membrane proteins in general. The glycosylated receptors are likely to rely mainly on the N-glycan-dependent QC. However, they may also be subjected to scrutiny by pathways that function independently of the glycosylation status of the substrate proteins, probably in altered cellular conditions. These alternative pathways may constitute backup systems that improve the overall fidelity of QC mechanisms that maintain cellular homeostasis.
